Background and objectives Hypervolemia is a common feature of patients with CKD and associated with hypertension. Recent work has shown stimulation of sodium retention by urinary plasmin during nephrotic syndrome. However, it is unclear whether plasminuria plays a role in patients with stable CKD and non-nephrotic proteinuria.
Introduction
Sodium retention and edema are hallmarks of renal disease, particularly in patients with nephrotic syndrome. The pathogenesis of edema formation is still a matter of debate, and both underfill and overfill mechanisms have been put forward (1) . Recent evidence points to the crucial role of proteinuria in promoting sodium retention through activation of the epithelial sodium channel (ENaC) (2) , which is known to be an important player in sodium homeostasis and BP control (3) . Studies with protein-rich urine from both nephrotic rats and patients have shown a stimulation of ENaC currents in vitro that was attributed to occurrence of the serine protease plasmin in the urine (4, 5) . It is an emerging concept that serine proteases contribute to ENaC regulation by cleaving specific sites in the extracellular domains of the a-and g-subunits (6) (7) (8) (9) (10) , resulting in the release of inhibitory peptides and activation of the channel (11) (12) (13) . Proteolytic activation of ENaC by serine proteases as shown in native renal tissue (14) is enhanced by low-salt diet or aldosterone infusion (15) and might involve membrane-anchored prostasin (16) and/or tissue (urinary) kallikreins (17) . Under pathophysiologic conditions of proteinuria, ENaC is thought to be aberrantly activated by plasmin that arises from filtered plasminogen and conversion by the tubular urokinase-type plasminogen activator (4, 6) .
Plasmin-induced ENaC activation and sodium retention may occur in patients with preeclampsia (5) and diabetic patients who are proteinuric (18, 19) . Recently, immunohistochemical studies in human nephrectomy specimens indicated that the g-subunit of ENaC was processed proteolytically exclusively in patients with proteinuria (20) . However, these data were generated from a small number of patients (n=6), and therefore, it remains unclear whether activation of ENaC by plasmin plays a role in the majority of patients with CKD who are proteinuric.
In this study, we analyzed the extracellular volume status with a focus on surrogates of sodium retention in a cohort of patients with nondialysis-dependent CKD to identify determinants of hypervolemia and test the role of urinary excretion of plasminogen and plasmin.
Materials and Methods

Patients
This cross-sectional study included stable ambulatory patients with CKD presenting consecutively for a routine follow-up at the outpatient department of the University Hospital of Tuebingen between September of 2012 and April of 2013. Patients with CKD stable for at least the last 6 months were included after they provided written informed consent (n=171). Patients were excluded when they had acute deterioration of kidney function (rise in plasma creatinine concentration by $1.5-fold), declined to participate (n=2), or failed to give a spot urine sample (n=17). Patients were classified according to the Kidney Disease Improving Global Outcomes classification of CKD. In addition, participants evaluated as potential kidney donors served as controls, and inpatients suffering from acute nephrotic syndrome were included for comparison. The study was in compliance with the Declaration of Helsinki and approved by the local ethics committee of the University of Tuebingen (259/ 2012MPG23).
Evaluation of Fluid Status
The fluid status of each patient was assessed by clinical examination and analysis of body composition using the Fresenius Body Composition Monitor (BCM). This device uses bioimpedance spectroscopy with a spectrum of 50 frequencies between 5 and 1000 kHz to estimate extracellular water (ECW) and intracellular water (ICW) and calculate the amount of overhydration (OH) (21, 22) . Reference values for OH are age independent and between 21 and +1 L. Values obtained for OH, ECW, and ICW were normalized to a body surface area of 1.73 m 2 . In addition, ultrasonography was performed to analyze filling of the inferior cava vein and exclude pleural effusion or ascites, which are not determined by the BCM.
Laboratory Assays
Blood and spot urine samples were drawn from each patient during the outpatient visit in the morning. Some patients (n=69) also provided a 24-hour collected urine sample. Laboratory parameters were determined using automated Siemens autoanalyzers (Advia 1800 and Immulite 2000). N-terminal pro brain natriuretic peptide (NT-pro-BNP) was corrected for Modification of Diet in Renal Disease GFR according to the formula by Luchner et al. (23) . Serum aldosterone and plasma renin activity were measured manually using RIA methods (Immunotech, Prague, Czech Republic and Zentech, Angleur, Belgium). Urinary albumin, IgG, and a1-microglobulin were measured using a nephelometric method with a Siemens BN ProSpec Analyzer.
Urinary plasmin(ogen) and urokinase concentrations were determined using ELISA kits as specified by the manufacturer (Loxo, Heidelberg, Germany). While the ELISA detects both plasminogen and plasmin (as indicated by plasmin[ogen]), urinary activity of plasmin was measured using the chromogenic S-2302 (Haemochrom, Essen, Germany); 50 ml urine was incubated with 2 mM S-2302 for 8 hours at 37°C with or without antiplasmin (final concentration of 20 mg/ml; Merck GmbH, Darmstadt, Germany). The difference of the ODs at 405 nm between these two conditions reflected the specific activity of plasmin.
For Western blot analysis, SDS-PAGE was performed with 12 mg urinary proteins per lane after depletion of albumin and IgG (Qiagen, Germantown, MD). Goat plasmin(ogen) antibody recognizing both intact plasminogen and plasmin was used as the primary antibody (AB6189; Abcam, Inc., Cambridge, MA). Bands were developed by chemiluminescence on a ChemiDoc Touch System (Bio-Rad, Hercules, CA).
Two-Electrode Voltage Clamp Measurements Using Human ENaC-Expressing Oocytes
Oocytes were collected from Xenopus laevis with the approval of the animal welfare officer for the University of Erlangen-Nürnberg as described (7, 9, 10) . Defolliculated stages 5 and 6 oocytes were injected with complementary RNA encoding human a-, b-, and g-ENaC (0.2 ng complementary RNA per subunit of ENaC). ENaC-mediated whole-cell currents were measured using the two-electrode voltage clamp technique as previously described (7, 9, 10) .
Statistical Analyses
Data are provided as geometric means with the interquartile range. Plasma and urinary concentrations were log 10 transformed to approximate normal distribution. Differences between the GFR and albuminuria strata and differences between whole-cell current measurements were analyzed with ANOVA. Adjusted differences between the GFR and albuminuria strata were analyzed using analysis of covariance. The association of continuous and categorical parameters with fluid status was analyzed by univariate parametric or nonparametric correlation. Categorical data were tested for significance using the chisquared test. Multivariable linear regression analyses were performed to identify independent determinants. Selection of the variables entering the final least squares model was derived from forward stepwise linear regression of parameters that were univariately correlated with the dependent variable and had a P value ,0.05. Identified parameters were confirmed by backward stepwise analysis. The residuals of each model were tested for normality.
Ridge regression was applied to analyze the relationship between the highly collinear parameters proteinuria and plasmin(ogen)uria. Data analysis was performed using the statistical software packages JMP 11 and JMP 12 Pro (SAS Institute Inc., Cary, NC) and GraphPad Prism 4.03 (GraphPad Software, La Jolla, CA).
Results
Study Cohort
The study consecutively included 171 patients with CKD of various etiologies and stable disease and ten inpatients with acute nephrotic syndrome. Healthy candidates (n=15) who were potential kidney donors were included as a control group. The characteristics of the study cohort are provided in Table 1 .
Fluid Status of the Cohort and Its Determinants
We applied bioimpedance spectroscopy using the Fresenius BCM to assess the fluid status of each patient. Figure 1A ) and to a lesser extent, the GFR stages, which lost statistical significance on adjustment for proteinuria ( Figure 1B) . Furthermore, OH correlated positively with age, systolic BP, plasma creatinine concentration, and NT-pro-BNP concentration, whereas an inverse relationship to body mass index (BMI), serum aldosterone concentration, and plasma renin activity was found (Table 2) . Among urinary parameters, only proteinuria was correlated with OH, whereas urinary Na + excretion or the Na + -to-K + ratio determined from either spot urine or collected urine was not significantly correlated. Multivariable analysis revealed that, in addition to BMI, presence of edema, corrected NT-pro-BNP, and plasma renin activity, proteinuria was the strongest independent predictor of OH (Table 3 ). There were no two-way or multiway interactions among these variables. Sex, BMI, presence of edema, and proteinuria were independent predictors of ECW (Table 3) .
Characterization of Urinary Plasmin(ogen) and Plasmin Excretion
Because of the proposed role of plasmin in activating ENaC during proteinuria, we further characterized the urinary excretion of plasminogen and plasmin. Median plasmin(ogen) excretion in patients with CKD was 19 mg/g creatinine (interquartile range, 2-227) and correlated Values depicted are contours of data density, mean, and SD. Analysis of covariance (ANCOVA) was adjusted for significant covariates derived from multiple linear regression (corrected plasma N-terminal pro brain natriuretic peptide ([NT-pro-BNP,] edema, body mass index, plasma renin activity, and proteinuria). A1-A3 denote albuminuria stages corresponding to ,30, 30-300, and .300 mg/g creatinine. G1-G5 denote GFR stages corresponding to .60 (G1-G2), 45-59 (G3a), 30-44 (G3b), 15-29 (G4), and ,15 ml/min per 1.73 m 2 (G5). *P,0.05; **P, 0.01; ***P,0.001. strongly with proteinuria ( Figure 2A) . In 44% of patients with CKD, active plasmin was detectable in the urine (0.47 relative units/g creatinine; interquartile range, 0.05-2.58) ( Figure 2B ) and correlated highly with proteinuria (r=0.63; P,0.001); this was not observed in the healthy controls ( Figure 2B ). Patients with acute nephrotic syndrome showed the highest plasmin(ogen) excretion (2459 mg/g creatinine; interquartile range, 1079-5850) and plasmin activity (17 relative units/g creatinine; interquartile range, 4-34). Western blot analysis revealed plasmin and smaller fragments in the urine, which had higher values among patients with higher stages of albuminuria and reached highest values in patients who were nephrotic ( Figure  3A) . Plasminogen was barely detectable in the urine (in contrast to plasma), suggesting a high degree of conversion to plasmin and subsequently, smaller fragments. Urinary plasmin(ogen) concentrations were three orders of magnitude higher in patients with albuminuria stage A3 or nephrotic syndrome ( Figure 3B) . The relationship between urinary plasmin(ogen) excretion and markers of glomerular or tubular proteinuria was investigated by measuring albumin, IgG, and a1-microglobulin. Urinary plasmin(ogen) was strongly correlated to albumin and IgG (r=0.69-0.84) and to lesser extent, a1-microglobulin (r=0.61). There was a weak correlation to the urinary urokinase concentration (r=0.40) that modestly increased with higher albuminuria stages ( Figure 3C ).
Activation of ENaC Currents by Plasmin
To study whether urinary plasmin concentrations found in patients are sufficient to stimulate sodium retention via activation of ENaC, two-electrode voltage clamp measurements using human ENaC-expressing oocytes were performed. As shown in Figure 3D , ENaC-mediated whole-cell Parameters were selected by a stepwise approach with P,0.05 for retention. OH, overhydration; crea, creatinine; NT-pro-BNP, N-terminal pro brain natriuretic peptide; BMI, body mass index; Ang, angiotensin I; ECW, extracellular water; ICW, intracellular water. currents were stimulated by exogenous human plasmin In a concentration-dependent manner, reaching the highest values in concentration ranges that corresponded to the urinary plasmin(ogen) concentration of patients with stage 3 albuminuria and nephrotic syndrome.
Association of Urinary Plasmin(ogen) and Plasmin Excretion with Fluid Status
There was a strong univariate relationship between urinary plasmin(ogen) excretion and extracellular volume or OH (Figure 4 ). Urinary plasmin(ogen) excretion also correlated positively with NT-pro-BNP (r=0.40; P,0.001). In multivariable analysis, urinary plasmin(ogen) and plasmin were an independent predictor of OH similar to proteinuria (Table 4) . Because of collinearity, both protein and plasminuria could replace each other in the models, and they lost their significance when included in the same model (Supplemental Table 1 ). Ridge regression to discriminate the contribution of each parameter revealed parallelism of both parameters throughout the whole model (Supplemental Figure 1) .
Discussion
This study shows that the urinary excretion of protein is the strongest predictor of hypervolemia in an unselected CKD cohort with stable disease. This was most evident in patients with acute nephrotic syndrome who exhibited For comparison, values of healthy donors and patients with acute nephrotic syndrome are included. Analysis of covariance (ANCOVA) was adjusted for proteinuria, corrected plasma NT-pro-BNP, edema, body mass index, and plasma renin activity (parameters selected from multivariable analysis). A1-A3 denote albuminuria stages corresponding to ,30, 30-300, and .300 mg/g creatinine. *Significant difference to the healthy group;˚Significant difference to the previous group. (D) ENaC-mediated whole-cell currents can be activated in vitro by plasmin used in concentrations similar to those observed in urine samples from patients. Amiloride-sensitive whole-cell currents (DI ami ) were measured in Xenopus laevis oocytes heterologously expressing human ENaC before (DI ami initial) and after exposure of the oocytes for 4 hours (DI ami 4h) to a control solution or solutions containing different concentrations of plasmin. Columns represent the relative stimulatory effect on DI ami calculated as the ratio of DI ami 4h to DI ami initial. Numbers inside the columns indicate the numbers of individual oocytes measured; n indicates the number of different batches of oocytes. *P,0.05; **P, 0.01; ***P,0.001. extreme values for both proteinuria and hypervolemia. A novel finding of this study is the continuous relationship between proteinuria and hypervolemia, which also applies to patients with CKD and low-range proteinuria who are commonly referred to as being non-nephrotic. It is remarkable that the protein excretion determined from a single spot urine sample was highly predictive of hypervolemia, whereas measures of urinary sodium excretion were not. As a clinical consequence of hypervolemia, patients who were proteinuric more often had edema and hypertension, which prompted treatment with loop diuretics and a higher number of antihypertensive drugs ( Table 2) .
The data are consistent with the notion that plasminogen along with its active form, plasmin, may be involved in sodium retention during proteinuria. Importantly, we showed that plasmin concentrations in the range of those observed in urine samples of patients with CKD were sufficient to activate ENaC currents in vitro. In previously published studies, higher plasmin concentrations have been used to show its activating effect on ENaC (9, 10, 24, 25) . However, the exposure time to plasmin in those studies was relatively short (5-30 minutes), whereas in this study, plasmin at comparatively low concentrations showed a stimulating effect on ENaC after 4 hours of exposure. In vivo, even lower plasmin concentrations may be sufficient to activate ENaC, because the channels are constantly exposed to the plasmin-containing tubular fluid.
Plasminogen is a large protein, with 91 kD (26) secreted as inactive zymogen from the liver and activated on limited proteolysis by distinct enzymes (urokinase-type and tissue plasminogen activators). Because of its size, it is largely withheld by the intact glomerulus. However, after glomerular injury, larger amounts of plasminogen can be filtered and activated in the tubulus lumen. Urokinasetype plasminogen activator lining the tubular epithelium is thought to be the principal enzyme responsible for the generation of active urinary plasmin (2) . However, serine protease inhibitors, such as antiplasmin (27) or uristatin (28) , have been found to enter the tubular lumen during proteinuria, adding to the complexity of the situation. It is noteworthy that, in a proteomic study analyzing active serine proteases in the urine of healthy participants, minute amounts of both active plasmin and plasminogen were found (29) . In agreement with this study, we also detected plasminogen in the urine of healthy participants using ELISA; however, no activity was noted (Figure 2) . We hypothesize that glomerular disease increases the amount of urinary plasminogen to become pathophysiologically relevant.
Aldosterone is the major hormone regulating the final urinary Na + concentration by stimulation of ENaC. In addition to its effects on gene expression and membrane abundance, aldosterone has also been found to stimulate channel activity by proteolysis, possibly by upregulation of the serine protease prostasin (30) , which was formerly referred to as channel activating protease 1 (31) . The contribution of ENaC to sodium retention is thought to be small when aldosterone secretion is suppressed (e.g., by a highsalt diet or volume expansion as observed in our study). In this situation, proteolytic ENaC activation by aberrantly filtered serine proteases, such as plasmin, may become important, and it may lead to nonphysiologic sodium retention and exacerbate hypervolemia. The findings of our study are clearly in favor of a primary overfill in proteinuric renal disease, which is corroborated by increased NTpro-BNP secretion. The limitations of this study are caused by its associative character. It cannot be ruled out that proteins or mechanisms other than plasminogen account for the strong association with hypervolemia. Because of the high collinearity between proteinuria and urinary plasminogen as well as plasmin excretion, these parameters could replace each other in multivariable models and could not be separated by using more sophisticated statistical approaches. Other studies in the field, such as the ones by Buhl et al. (5, 19) , which showed an activating effect of protein-rich urine on ENaC activity in vitro, were also associative. Nevertheless, the data provide strong evidence that proteinuria exerts a strong influence on hypervolemia in a continuous relationship. Thus far, studies on plasminuria have concentrated on a limited number of patients with single-disease etiologies (preeclampsia [5] or diabetes mellitus [18, 19] ). The results of this large study were derived from an unselected CKD cohort with different etiologies, making the results highly generalizable.
Identification of patients with high plasminogen excretion might be helpful to select those who could benefit from a treatment with amiloride, a blocker of ENaC and urokinase. Thus, in addition to directly inhibiting the channel, amiloride may reduce tubular plasmin generation from filtered plasminogen. In a recent study by Oxlund et al. (32) , the addition of amiloride to a triple-antihypertensive regimen lowered the BP in patients with treatmentresistant hypertension who were proteinuric and was paralleled by a tendency for reduced urinary plasminogen activation.
In conclusion, hypervolemia in patients with CKD is strongly associated with proteinuria, even in the nonnephrotic range. Protein-rich urine contains high amounts of plasminogen and active plasmin, rendering plasminuria a possible link between proteinuria and hypervolemia.
